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Humans are home to complex communities of microbes that profoundly influence host physiology. Two
recent papers, including Earle et al. (2015) in this issue of Cell Host & Microbe, contribute new experimental
tools for visualizing and tracking bacteria within a host, promising to shed light on how microbes interact to
influence host health.We are colonized with a vast universe
of microorganisms—the microbiota—
that profoundly shapes our biology.
Over the past decade, advances in mi-
crobial genomics and DNA sequencing
technologies have produced a torrent
of data about the composition of the
microbiota and how this composition
changes during disease. But not all
aspects of the host-microbiota relation-
ship can be captured with this approach.
We still have only a primitive under-
standing of how microbes interact with
each other and with host cells in situ
to influence our health. Two recent
papers, one in this issue of Cell Host &
Microbe (Earle et al., 2015) and one in
a recent issue of Nature Medicine
(Geva-Zatorsky et al., 2015), greatly
enhance our toolkit for exploring these
interactions at a deeper level. They
accomplish this by developing new ex-
perimental approaches for visualizing
and tracking bacteria in animals, paving
the way for new insights into bacteria-
host interactions.
Understanding spatial relationships
among bacteria—how bacteria are posi-
tioned relative to one another in a tis-
sue—is likely to be critical for under-
standing the functional properties of
gut bacterial communities, including
how they assemble, exchange metabo-
lites, and interact with their host. In this
issue of Cell Host & Microbe, Earle
et al. (2015) introduce a new approach
for quantifying such spatial relation-
ships. The authors used an established
technique, fluorescence in situ hybridi-
zation (FISH), to identify the location of
individual bacterial cells within the intes-392 Cell Host & Microbe 18, October 14, 201tine (Johansson et al., 2008). Here they
added a fluorescent DNA probe, corre-
sponding to a bacterial gene sequence,
to a thin cross-section of mouse intes-
tine. The fluorescent DNA zippered
onto bacteria harboring the matching
gene sequence and the targeted bacte-
ria lit up under the microscope—the
equivalent of locating a needle in a hay-
stack. However, the intestine is a com-
plex, heterogeneous environment, and
a single field of view is not always repre-
sentative of the entire gut. Thus, the au-
thors had to grapple with the problem of
how to rapidly and accurately quantify
bacterial spatial positioning across mul-
tiple fields of view.
The authors dealt with this problem by
developing a computer algorithm that
they call BacSpace (Figure 1A). The soft-
ware stitches overlapping fluorescent im-
ages of the gut into a continuous image
representing multiple fields of view and
picks out landmarks such as the host in-
testinal surface and features such as indi-
vidual bacterial cells. It then calculates
distances between individual bacterial
cells, and between bacterial cells and
specific host landmarks. Finally, it auto-
mates these processes so that large
numbers of microscopy images can be
analyzed quickly.
With BacSpace in hand, Earle et al.
(2015) acquired intriguing initial insights
into the social behavior of intestinal
bacteria. In one set of experiments,
they used group-specific FISH probes
to study how two distinct groups of gut
bacteria position themselves relative to
one another. Bacteroidales is a taxo-
nomic grouping of Gram-negative bac-5 ª2015 Elsevier Inc.teria that are prevalent in the mouse
and human gut, while Firmicutes is a
highly represented group of Gram-posi-
tive bacteria. Using BacSpace, the au-
thors computed the distances between
individual Bacteroidales and Firmicutes
bacteria. Interestingly, they found that
the members of each group tended to
cluster together in cliques, with Bacter-
oidales clusters excluding Firmicutes
and vice versa.
The authors then threw a dietary ‘‘mon-
key wrench’’ into the system. Many native
intestinal bacteria like to snack on the fi-
ber component of the host diet—long
polysaccharide chains that the authors
term ‘‘microbiota accessible carbohy-
drates.’’ When Earle et al. (2015) removed
these carbohydrates from the mouse diet
and then visualized Bacteroidales and
Firmicutes in the gut, the spatial relation-
ships between the bacterial groups
had changed dramatically. The group-
specific clusters dispersed, and Firmi-
cutes and Bacteroidales mixed together
more evenly than in mice on a fiber-rich
diet. Interestingly, bacteria from both
groups also gravitated toward the intesti-
nal surface, possibly to avail themselves
of the carbohydrate chains that are part
of the host-produced mucus layer that
overlies and protects the intestinal epithe-
lium (Sonnenburg et al., 2005).
While Earle et al. (2015) spied on bacte-
ria mingling in their native gut habitat,
Geva-Zatorsky et al. (2015) tracked
gut bacteria throughout the body with a
tag-and-release approach. The authors
focused their studies around Bacteroides
fragilis, a member of the Bacteroidales
group that is a prevalent member of the
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Figure 1. New Experimental Tools for Visualizing and Tracking the Microbiota
(A)Quantifying spatial relationships in the intestine. Earle et al. (2015) identified individual bacterial cells in the
mouse intestineusingfluorescence insituhybridization (FISH)andfluorescencemicroscopy.They thenused
their software platform, BacSpace, to quantify spatial relationships among the bacteria and between bac-
terial cells and the host intestinal surface. In mice on a fiber-replete diet, they observed group-specific
clusters of Bacteroidales and Firmicutes. Members of the two groups were dispersed in mice on a fiber-
deficient diet and were located closer to the intestinal surface. The findings highlight howBacSpace can be
used to quantify how diet and other environmental factors impact spatial organization of the microbiota.
(B) Geva-Zatorsky et al. (2015) used ‘‘click’’ chemistry to direct a fluorescent label to the surface poly-
saccharide coat of gut bacteria such asBacteroides fragilis. They first grew the bacteria in the presence of
an azide-linked sugar molecule, and then incubated the azide-labeled bacteria with fluorescent alkyne
derivatives to produce live B. fragilis with a fluorescent surface. The fluorescent bacteria were introduced
into mice and tracked into the intestine using in vivo imaging techniques, or into host immune cells using
flow cytometry and fluorescencemicroscopy. This approach paves the way for a deeper understanding of
howmembers of themicrobiota interact with each other in the intestine, and how they physically associate
with the cells and tissues of the immune system.
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cloak themselves with unique surface
polysaccharides that help the bacteria
evade detection by the host immune sys-
tem (Surana and Kasper, 2012). Interest-
ingly, these polysaccharides can also
interact with the immune system to
dampen inflammatory responses, and
can protect against inflammatory dis-
eases such as colitis and autoimmune
disease (Mazmanian et al., 2005, 2008).
To better understand howB. fragilis and
its polysaccharides guide immune cell
development, the authors aimed to track
fluorescent B. fragilis through the body
of a mouse, observing where it resides in
the gut and how it interacts with immune
cells. A commonly used approach for
generating fluorescent bacteria is to
genetically attach green fluorescent pro-
tein (GFP) to a bacterial protein. But this
posed a problem: GFP requires oxygen
to fluoresce, and B. fragilis lives in the
oxygen-poor environment of the gut.
Geva-Zatorsky et al. (2015) solved this
problem by employing ‘‘click’’ chemistry(Boyce and Bertozzi, 2011) to direct an
oxygen-independent fluorescent tag
to the B. fragilis polysaccharide coat
(Figure 1B). As a first step, they grew the
bacteria in the presence of a sugar mole-
cule linked to an azide group, a highly
reactive functional group that can be
likened to a Velcro hook. The bacteria
incorporated the azide-linked sugar into
their newly synthesized polysaccharide
coat, resulting in a chemically reactive
surface. In a second step, the authors
incubated the azide-labeled bacteria
with fluorescent alkyne or dibenzocy-
clooctyne derivatives that react with
the azide group—essentially supplying a
‘‘Velcro loop’’ with a fluorescent tag. The
result was a live B. fragilis with a fluores-
cent halo that could be introduced into a
mouse and tracked.
Because the fluorescence did not
require oxygen, the authors were able
to trace the location of the labeled
B. fragilis in the oxygen-poor environ-
ment of the mouse intestine. Using
noninvasive whole-body imaging tech-Cell Host & Microbe 18niques and tracking over time, they first
observed B. fragilis in the small intes-
tine, and after a few hours, in the large
intestine and colon. The authors were
even able to label and track three
distinct Bacteroides species simulta-
neously, highlighting the potential of
this approach to characterize interac-
tions among intestinal species in their
native gut habitat.
Finally, Geva-Zatorsky et al. (2015)
used click-labeled bacteria to track
B. fragilis interactions with the immune
system. The authors injected fluores-
cent B. fragilis into the mouse peritoneal
cavity and then traced its association
with cells and tissues using flow cytom-
etry and microscopy. Initially, the fluo-
rescent bacteria were associated with
resident macrophages, infiltrating neu-
trophils, and myeloid cells at the site
of injection. Several hours later, the
bacteria had disseminated beyond the
infection site and were found associ-
ated with immune cells in the spleen
and lymph nodes. Although these find-
ings are preliminary, they pave the way
for a deeper understanding of how
members of the microbiota physically
associate with the cells and tissues of
the immune system.
Techniques for visualizing and tracking
cells in space and in real time have trans-
formed fields such as neuroscience and
developmental biology that study com-
plex cellular interactions in animals. The
two papers highlighted here suggest
that such approaches could be equally
transformative for understanding animal-
microbe interactions. The ability to
visualize and quantify animal-microbe as-
sociations through time and space could
be especially powerful if combined
with complementary technologies, such
as MALDI-MSI (matrix-assisted laser
desorption ionization-mass spectrometry
imaging), which can identify and spatially
localize proteins and small molecules,
such as bacterial or host metabolites,
within the two-dimensional space of
a tissue section (Scott et al., 2014).
Combining these approaches could pro-
vide tremendous insight into the meta-
bolic networks that underlie the functional
properties of intestinal microorganisms,
and could help illuminate the rules
that govern the assembly of complex
bacterial communities. By visualizing
the microbiota and its products, these, October 14, 2015 ª2015 Elsevier Inc. 393
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cover fascinating new aspects of the
host-microbiota relationship.REFERENCES
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